Faithfully storing an unknown quantum light state is essential to advanced quantum communication and distributed quantum computation applications. The required quantum memory must have high fidelity to improve the performance of a quantum network. Here we report the reversible transfer of photonic polarization states into collective atomic excitation in a compact solid-state device. The quantum memory is based on an atomic frequency comb (AFC) in rare-earth ion doped crystals. We obtain up to 0.998 process fidelity for the storage and retrieval process of single-photon-level coherent pulse. This reliable quantum memory is a crucial step toward quantum networks based on solid-state devices.
tion, time-bin, path, phase or photon-number encodings. The polarization degree of freedom is particularly useful because it allows a single-photon qubit to be transmitted in a single spatial and temporal mode. Polarized photons are more easily transportable qubits and are more robust against decoherence. Note that many quantum light sources generate entangled photons with information encoded in their polarization degree, such as the eight-photon entangled state generated by SPDC [18] and the on-demand entangled photon pairs generated by biexciton decay in quantum dots [19] . Realizing the quantum interface between quantum memory and other quantum light source will also require the capability of the quantum memory to store the polarization information for light. Therefore, the ability to store polarization information with high fidelity is of particular interests. One approach to realizing a polarization-qubit memory is to first transform the polarization encoding into path encoding and then store it into two distant ensembles. This approach has been implemented in both atomic ensembles [3, 4, 6] and atomic vapors [20] . The abovementioned realizations suffer from several practical drawbacks due to the extra step of spatially splitting the input state. Phase locking of the two optical paths [6] may be required, and imperfect spatial mode matching may limit the memory fidelity. Another approach is using uniformly absorbed samples for two orthogonal polarizations, which requires no spatially splitting of the input photon. This approach has been implemented with two spatially overlapped atomic ensembles [5] , BEC [8] and with a single-atom in a cavity [7] . Up to now, the best fidelity performance achieved with single-photon-level input is 0.95 [8] . All of these experiments are based on the Raman process or electromagnetically induced transparency (EIT). These processes require a strong control or read light pulse during the memory sequence, which introduces unavoidable noise into the retrieval signal.
AFC is an alternative protocol for realizing quantum memory without a strong control light during the memory sequence. AFC quantum memory with RE doped solids has shown an excellent capability to store quantum light [14-17, 21, 23, 24] . Because of the strongly polarization-dependent absorption of ions in crystal, however, all previous experiments have been conducted with a single pre-defined polarization. Here, we use an alternative approach to realize AFC quantum memory for polarization-encoded single photons. Two pieces of crystals are used to absorb the orthogonal polarized components that are in the same optical path but at different sites.
The hardware of our quantum memory, which is shown in Fig. 1(a The AFC protocol requires a pumping procedure to tailor the absorption profile of an inhomogeneously broadened solid state atomic medium with a series of periodic and narrow absorbing peaks separated by ∆ (see Fig. 1 ). The single input photon is then collectively absorbed by all of the atoms in the comb. The atomic state can be represented by, [22] ,
Here N is the total number of atoms in the comb; |g j and |e j represent the ground and excited states, respectively, of atom j; z j is the position of atom j; k is the wavenumber of the input field; δ j is the detuning of the atom frequency and the amplitudes c j depend on the frequency and on the position of atom j. The atoms at different frequencies will dephase after absorption, but because of the periodic structure of AFC, a rephasing occurs after a time τ s = 2π/∆. The photon is re-emitted in the forward direction as a result of a collective interference between all of the atoms that are in phase. The collective optical excitation can be transferred into a long-lived ground state to achieve a longer storage time and an on-demand readout [24] .
The AFC preparation pulse sequence are shown in Fig. 1(c) , in which the pump light's frequency is swept over 100 MHz in 100 us and each frequency step has been assigned a specific amplitude to give an comb structure. The pumping sequences are repeated 100 times to achieve an optimal AFC structure. The duty ratio in each cycle is carefully adjusted to take into account the power broadening effect. An experimental AFC structure with a The AFC with large bandwidth also can be realized with temporal pulse pairs and frequency shifted pumping technique [14] . We note that the AFC created directly in the frequency domain shows a better performance of memory efficiency. During the storage cycle, N g trials of single-photon-level coherent pulses are sent into the sample, and the AFC echoes are emitted at a time 2π/∆ that is programmed in the pumping procedure. To avoid the fluorescence noise caused by the classical pumping light, the memory cycle begins after waiting for time T w = 1.2 ms after the preparation cycle is completed. The complete pump and probe cycles are repeated at a frequency of 40 Hz.
The experimental setup is shown in Fig. 2 . The laser source is a cw Ti:sapphire laser (M Squared, Solstis), and the laser's wavelength is monitored with a wavelength meter (Bristol, 621A). The pump light is generated with a AOM with a center frequency of 260 MHz (Brimrose) in a double-pass configuration. To protect the single-photon detectors during the preparation procedure, a mechanical chopper (MC) is placed in the pumping optical path. To achieve a uniform memory efficiency for arbitrary polarized photons, the pumping light should be polarized close to H + V . The H polarized light will be mostly absorbed by the first crystal, and the V polarized light will be mostly absorbed by the second crystal, To characterize the polarization storage performance of the memory, we perform complete quantum process tomography (QPT) [27, 28] on the system (see Supplementary Information). The tomography result of the process matrix χ with a memory time of 200 ns are shown in Fig. 3(b) . The results give a process fidelity of 0.998 ± 0.003 for an average input photon number of 0.8 photons per pulse. Note that no dark counts of SPD are corrected through our experiment. Our results are far beyond the 2/3 bound, which is the maximum average fidelity that can be achieved with a classical memory [26] . Controlled reversible inhomogeneous broadening (CRIB) [9, 10, 13 ] is a protocol that is similar to AFC. CRIB uses an external field to rephase the atoms and thus eliminates any classical light during the storage cycle; therefor, it should achieve a similar fidelity performance. Our scheme is applicable to the CRIB protocol.
By carefully designing the optical setup, we have eliminated most of the noise from the Fig. 4) , the signal to noise ratio decreases. This factor account for most of the degradation. In general, the echo-type memory based on collective interference is not sensitive to decoherence, although the efficiency degrades significantly. This phenomenon is elucidated by results showing that most of the atoms that are decohered do not contribute to the collective interference, as has been observed in classical photon-echo memory [29] . Our low-noise scheme should enable accurate experimental investigations into the influence of decoherence on memory fidelity.
We have demonstrated an ultra-reliable quantum memory for photonic polarization-qubit in solids. By performing quantum process tomography, we measure the process fidelity for a 200 ns storage time with single photon level input pulses at 0.998 ± 0.003. This excellent fidelity performance should make the quantum memory suitable for quantum error-correction applications in large-scale quantum computation [30, 31] . Moreover, the absence of ions' motion in the solid state means that even complex spatial structures can be generated by light and stored. Our results should produce solid-state devices that are capable of functioning as a hyper-quantum memory for light's polarization, temporal, and spatial information.
We note that related results have been obtained by two other groups [32, 33] .
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Quantum process tomography
The quantum process can be represented by the process matrix χ. The χ matrix can be expressed on the basis of σ m and maps an input density matrix ρ in onto the corresponding output state ρ out via
We chose is [I, X, Y, Z] as the basis for σ i , where I represents the identity operation and X, Y and Z represent the three Pauli operators. Here, † denotes the adjoint operator. The χ matrix completely and uniquely describes the process and can be reconstructed by experimental tomographic measurements. We prepare and measure four polarization states (H, V , R = H + iV , and D = H + V ) and perform quantum state tomography for the output state generated by each input pulse. In the experiment, the physical matrix χ is estimated by the maximum-likelihood procedure, which is shown in Fig. 3(b) . The fidelity of the experimental result is about 0.998, as calculated by (T r √ χχ ideal √ χ) 2 with χ ideal = 1.
AFC structure
In our experiment, an optimized efficiency of about 20.8% at 50 ns storage time is obtained.
We measure the AFC structure by sending long probe pulse and measuring their transmission.
An example AFC with a periodicity of 20 MHz is shown in the Fig. S1 . Refer to the AFC structure, our efficiency promotion is mainly caused by the large available optical depth (∼ 6.2) and small background absorption (∼ 0.5). The experimental efficiency fits well the theoretical estimation. 
